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Reading for this week:

Required reading:

Meer, G., Voelker, D., Feigenson, G. (2008). Membrane lipids: where they are and 
how they behave. Nature reviews. Molecular cell biology 9(2), 112-24. https://
dx.doi.org/10.1038/nrm2330

Harayama, T., Riezman, H. (2018). Understanding the diversity of membrane 
lipid composition. Nature Reviews Molecular Cell Biology 19(5), 281-296. 
https://dx.doi.org/10.1038/nrm.2017.138

https://dx.doi.org/10.1038/nrm2330%22%20%5Ct%20%22_blank
https://dx.doi.org/10.1038/nrm2330%22%20%5Ct%20%22_blank
https://dx.doi.org/10.1038/nrm.2017.138%22%20%5Ct%20%22_blank


Figure 1: An electron micrograph of an E. coli cell highlighting the width of the cell inner and outer membranes and the cell wall. Zoom in: a 
schematic of the lipid bilayer. The red circle denotes the hydrophilic head consisting of a polar phosphoglycerol group and the pink lines 
represent the hydrocarbon chains forming a tight hydrophobic barrier excluding water as well as polar or charged compounds. Two tails are 
drawn per head but there could also be three or four. (Electron microscopy image adapted from A. Briegel et al. Proc. Nat. Acad. Sci., 
106:17181, 2009.)

http://book.bionumbers.org/what-is-the-thickness-of-the-cell-membrane/
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Biological solventsCell membranes have infinite chemical composition



Lipid subclasses



Lipid subclasses



Fatty acids

Ji & Huang, 
2018

• Mono carboxylic acid (COOH) + long, 
unbranched aliphatic chain 

Chain Length: 
• 4-36 carbons  
• usually unbranched and even numbered 
• odd exists at low amounts 
• Short chain: 4-6, Medium chain: 8-10, Long 

chain: 12 and greater  
• 14, 16, 18, 20, 22 & 24 are most common 

Saturation 
• Fully saturated means no double bonds in 

chain 
• Can contains 0-6 double bonds



Type II fatty acid 
biosynthetic pathway
The pathway by which fatty 
acids are synthesized in 
bacteria, chloroplasts and 
mitochondria. Distinct 
enzymes, each of which are 
encoded by an individual gene, 
catalyse the different steps of 
the pathway.

are referred to recent reviews on lipid A2 and lipotei-
choic acid3 modifications in response to environmental 
factors. Here, we will discuss the bacterial fatty acid 
biosynthetic machinery and its role in controlling the 
biophysical properties of the membrane, the modifica-
tion of existing membrane phospholipids and how cells 
deal with phospholipid turnover.

The fatty acid biosynthetic machinery
Fatty acid synthesis in bacteria is achieved by a highly 
conserved set of genes in which each gene encodes 
an individual step in the type II fatty acid biosynthetic 
pathway (FIG. 1). All of the proteins in this pathway are 
located in the cytosol, and each has been purified and 
biochemically characterized. Furthermore, the struc-
ture and catalytic mechanism of each enzyme is known 
in considerable detail4. Similar dissociated fatty acid 
synthase II (FASII) pathways are found in chloroplasts, 
mitochondria and apicoplasts.

The acyl carrier protein as a carrier. The central player 
in the FASII pathway is the acyl carrier protein (ACP), a 
low-molecular-mass protein that carries all of the FASII- 
pathway intermediates. The fatty acid chains are attached 
as thioesters to the terminus of the 4`-phosphopantetheine 
prosthetic group of ACP, which is covalently attached to 
a serine that is located on an extended loop between the 
first and second helices of the 4-helix bundle structure of  
ACP5,6. An acyl chain is accommodated by a hydrophobic 
binding cavity that is formed by the interior surfaces of 
the four helices of the ACP and varies in size depending 

on the nature of the acyl chain7. Protein–ACP interac-
tions occur between the conserved electronegative and 
hydrophobic structure of helix-2 of the ACP, also known 
as the recognition helix, and a corresponding electroposi-
tive and hydrophobic docking surface that is adjacent to 
the entrance to the active site on the target proteins8. The 
conserved nature of the protein–ACP interface enables 
ACPs from diverse organisms to be used interchange-
ably in the Escherichia coli FASII system8. Protein–protein 
interactions in the FASII system have considerable plas-
ticity, because mutations that compromise protein–ACP 
interactions in vitro do not always lead to deficiencies in 
fatty acid synthesis in vivo9.

Initiation of fatty acid biosynthesis. The initiation phase 
of fatty acid synthesis is shown in FIG. 1a. The first step in 
fatty acid synthesis is the conversion of acetyl-CoA to mal-
onyl-CoA by acetyl-CoA carboxylase (ACC). ACC is con-
structed from four separate proteins and requires biotin as 
a covalently attached cofactor10. Next, the malonyl group 
is transferred to ACP by the malonyl transacylase FabD. 
FabH — a condensing enzyme that initiates the formation 
of a new acyl chain11 — is primed by acyl-CoA, and the 
acyl-enzyme intermediate is condensed with malonyl-
ACP to form the first B-ketoacyl-ACP intermediate in 
the FASII pathway.

The FASII pathway shown in FIG. 1 shows the for-
mation of straight-chain fatty acids, but there can be 
a major variation on this theme. Branched-chain fatty 
acids are produced in most Gram-positive bacteria, 
and exist in two forms that are characterized by the 

Table 1 | Chemical structures of membrane phospholipid fatty acids

Fatty acid Structure Effect on membrane fluidity

C16:0

OH

O Decreases membrane fluidity

Cis-11-C18:1

OH

O Increases membrane fluidity

Iso-C17:0

OH

O Decreases membrane fluidity 
compared with anteiso-chains

Anteiso-C17:0

OH

O Increases membrane fluidity compared 
with iso-chains

Cyclopropane-C17:0

OH

O Mimics unsaturated fatty acids and 
increases stability to acid stress

Trans-11-C18:1

OH

O Mimics saturated fatty acids, and 
provides resistance to solvents and 
increases in growth temperature

R E V I E W S

NATURE REVIEWS | MICROBIOLOGY  VOLUME 6 | MARCH 2008 | 223

Glycerophospholipid tail structuresImpact of tail modifications on fluidity



Glycerolipids

Diacylglycerol

Triglyceride



Glycerophospholipid structures

Harayama & Riezman, 2018;  https://doi.org/10.1038/nrm.2017.138

https://doi.org/10.1038/nrm.2017.138


Harayama & Riezman, 2018;  https://doi.org/10.1038/nrm.2017.138

�Fatty acid-glycerol linkage



Fatty acid-glycerol linkage

https://employees.csbsju.edu/hjakubowski/classes/ch331/
lipidstruct/LS_1A3_Glycero_Sphingo.html



Headgroups

Harayama & Riezman, 2018;  https://doi.org/10.1038/nrm.2017.138

Aktas et al., 2014; https://doi.org/10.3389/fpls.2014.00109

Cardiolipin (CL)

https://doi.org/10.1038/nrm.2017.138
https://doi.org/10.3389/fpls.2014.00109


https://avantilipids.com/tech-support/physical-properties/ionization-constants

Ionization state depends on conditions



Harayama & Riezman, 2018;  https://doi.org/10.1038/nrm.2017.138

Ingalas et al., 2012;

 https://www.doi.org/10.1146/annurev-earth-050212-123947

Glycerophospholipid tail structures

https://doi.org/10.1038/nrm.2017.138
https://www.doi.org/10.1146/annurev-earth-050212-123947


Sphingolipid structures

Harayama & Riezman, 2018;  https://doi.org/10.1038/nrm.2017.138

https://doi.org/10.1038/nrm.2017.138


Glycosphingolipid structures



Saccharolipids

• e.g. lipid A in bacterial outer membranes 
• Different from glycolipids, as glycolipids have 

sugar bound by glycosidic linkage to the fatty acid



Polyketides

Biosynthesis of orsellinic 
acid from a polyketide 

intermediate 

https://www.lipidmaps.org/resources/tutorials/lipid_tutorial#PK



prenol lipids



Sterol lipids

Harayama & Riezman, 2018;  https://doi.org/10.1038/nrm.2017.138

Ergosterol

Beta-sitosterol

Hopanoids

https://doi.org/10.1038/nrm.2017.138


Nature Reviews Microbiology volume 16, pages304–315(2018)

Cholesterol 
oleate

Sterol lipids

https://www.nature.com/nrmicro


Lipid composition varies with cell type 



Munir, R., Lisec, J., Swinnen, J.V. et al. Lipid metabolism in cancer cells under metabolic 
stress. Br J Cancer 120, 1090–1098 (2019). https://doi.org/10.1038/s41416-019-0451-

Lipid synthesis



(Adapted from G. van Meer et al., Nature Mol. Cell Biol., 9:112, 2008.)

Locations of synthesis and composition of different membranes



Sterol lipids



Omega end
In fatty acid nomenclature, the 
end of a fatty acid that has a 
methyl group. The other end 
with a carboxyl group is called 
the alpha end.

enzymes for PtdIns synthesis54 and remodelling55 (and 
many other lipid-related enzymes56) was recently identi-
fied, which is involved in ER dynamics57, local synthe-
sis of phosphoinositides55, their replenishment in other 
pools upon stimulation54 and autophagy56. Discoveries 
of novel subdomains warrant the need to establish more 
precise localization data of known lipid-related enzymes 
in order to understand the consequences of localized 
lipid synthesis for lipid compositional diversity and 
downstream biological functions.

Diversity of lipids is modulated by metabolic bias. 
Strong substrate preference of lipid-related enzymes 
and lipid transporters leads to biased metabolism of 

certain lipids, depending on the supply of the pre-
ferred substrate and the expression and regulation of 
these enzymes and transporters (for example, favour-
ing  certain isoforms over others)58. If this bias occurs 
at a step where metabolites diverge (for example, 
downstream of PtdA; see FIG. 2b,c), only a subset of 
substrates that have a certain signature (for example, 
a certain composition of acyl chains) will feed efficiently 
into the subsequent enzymatic reactions, thereby fuel-
ling selected metabolic pathways. This metabolic bias 
implies that the specific composition of lipid species in a 
class of lipids, and not necessarily only the total amount 
of lipids in that class, might drastically affect the gener-
ation of downstream metabolites. An example of such 

Box 1 | Regulation of glycerophospholipid acyl-chain composition

Fatty acids at the sn-2 position of phosphatidylcholine (PtdCho) differ largely between tissues (ratios of five PtdCho species 
in mouse tissues12 are shown in figure, part a). Acyl-chain incorporation occurs at two different steps15: during FG|PQXQ 
synthesis of the precursor phosphatidic acid (PtdA) from lysophosphatidic acid (lyso-PtdA) by lysophosphatidic acid 
acyltransferases (LPAATs) and during fatty acid remodelling, catalysed by lysophosphatidylcholine acyltransferases (LPCATs; 
see figure, part b). Because enzymes that catalyse these reactions are expressed as redundant isoforms that have different 
substrate preferences15 and are characterized by tissue-specific transcriptional regulation (and in consequence variable 
tissue distribution; see Supplementary information S4 (figure)), fatty acid incorporation at each step differs between tissues. 
It was shown that both steps affect tissue distribution of fatty acids in PtdCho, with different contributions depending on the 
fatty acid at the sn-2 position12. Although remodelling by LPCATs is important to enrich palmitic (C16:0), oleic (C18:1) and 
arachidonic acids (C20:4)12,18, the substrate preference of LPAATs regulates the tissue distribution of linoleic acid (C18:2) 
CPF|FQEQUCJGZCGPQKE�CEKF�
&*#��%�����12,91,92. Palmitic and oleic acid enrichment in specific tissues is caused by 
.2%#6|UWDUVTCVG�RTGHGTGPEG��YJGTGCU�CTCEJKFQPKE�CEKF�ECPPQV�DG�UKOKNCTN[�GZRNCKPGF��1PG�OKIJV�URGEWNCVG�VJCV�VJG�
CTCEJKFQPCVG|UWRRN[�FKHHGTU�DGVYGGP�VKUUWGU��+P�VJG�NKXGT��&*#�KU�GPTKEJGF�KP�2VF%JQ�VJTQWIJ�VJG�DKCUGF�EQPXGTUKQP�
HTQO|&*#sRJQURJCVKF[NGVJCPQNCOKPG�
2VF'VP��D[�2VF'VP�OGVJ[NVTCPUHGTCUG61 (figure, part c). Therefore, the acyl-chain 
composition of PtdCho (and possibly other glycerophospholipids) is regulated by a complex contribution of substrate supply, 
enzyme preference during precursor synthesis, acyl-chain remodelling and head group conversion. Apparently, there is no 
single PtdCho species, levels of which would depend on only one of these contributions. Although the description here 
ignores factors such as diet or degradation, it seems to explain the major contributors to PtdCho compositional diversity. 
Phosphatidylinositol (PtdIns) is remodelled at both the sn-1 and sn-2 positions, but only single enzymes per position were 
identified to date, in contrast to PtdCho51,52. The absence of redundancy could explain the homogeneity of PtdIns 
composition, in addition to the metabolic bias effect during the PtdIns cycle (in text).

Nature Reviews | Molecular Cell Biology

a  Compositional diversity of PtdCho
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REV IEWS

284 | MAY 2018 | VOLUME 19 www.nature.com/nrm
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Distribution of lipids across the bilayer



Biological distributions of lipidsLipid composition is modulated under stress

doi:  [10.1021/bi2011527]

Phospholipid compositions observed for various strains of E. coli, as measured at various growth phases or following culturing in unusual media. Example 1 is wild type strain SD12 during 
exponential growth. Example 2 contains an interrupted allele of PS synthase in strain AH930 during exponential growth. Example 3 is strain SD10, which contains a temperature sensitive 
PS synthase, during exponential growth. Example 4 is strain SD10 grown at stationary phase. Example 5 is a double mutant of strain SD312 containing a mutated 
phosphatidylglycerophosphate synthase and a defective CL synthase during exponential growth. Example 6 is strain CB64-CLI with a knockout of CL synthase during exponential growth. 
Example 7 is strain SD9 containing a temperature sensitive PS synthase and a defective CL synthase during exponential growth. Example 8 is strain SD10 (see example 3) grown under high 
D-mannitol conditions during exponential growth. Example 9 is strain SD10 grown under high mannitol conditions during stationary phase. Abbreviations: phosphatidylethanolamine (PE), 
phosphatidylglycerol (PG), cardiolipin (CL), phosphatidylmannitol (PM), diphosphatidylmannitol (DPM), phosphatidylserine (PS). This figure was adapted from (21).

https://dx.doi.org/10.1021%2Fbi2011527
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3172382/#R21


Distribution of lipids across the bilayer

Figure10-5 The distribution of specific erythrocyte membrane lipids 
between the inner and outer face is asymmetric

http://www.bioinfo.org.cn/book/biochemistry/chapt10/sim2.htm



Lipid extraction & analysis

Bligh Dyer: chloroform/methanol/water 2:2:1.8 (v/v/v)

Folch: chloroform/methanol/water in a volumetric ratio of 8:4:3 (v/v/v)



Thin layer chromatography



Mass Spectrometry



Homework & Journal Club Assignment
1. Read Singer, S., Nicolson, G. (1972). The Fluid Mosaic Model of the Structure of 
Cell Membranes Science 175(4023), 720-731. https://dx.doi.org/10.1126/science.
175.4023.720

2. Identify 2 new hypotheses presented in the fluid mosaic model (note, there are 
many)

3.  Describe the rationale and experimental evidence supporting the fluid mosaic 
model in contrast to previous hypothesized models

4. Identify a limitation in their logic and propose an experiment that could test their 
hypothesis further.

5.  Come prepared to discuss your reading and rationale on Thursday.

Email me if you have questions :)

janice.robertson@wustl.edu

https://dx.doi.org/10.1126/science.175.4023.720%22%20%5Ct%20%22_blank
https://dx.doi.org/10.1126/science.175.4023.720%22%20%5Ct%20%22_blank
mailto:janice.robertson@wustl.edu

